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Abstract

This report details experimental testing and constitutive modeling of sandy soil
deformation under quasi-static conditions. This is driven by the need to understand
constitutive response of soil to target/component behavior upon impact. An experimental
and constitutive modeling program was followed to determine elastic-plastic properties
and a compressional failure envelope of dry soil. One hydrostatic, one unconfined
compressive stress (UCS), nine axisymmetric compression (ACS), and one uniaxial strain
(US) test were conducted at room temperature. Elastic moduli, assuming isotropy, are
determined from unload/reload loops and final unloading for all tests pre-failure and
increase monotonically with mean stress. Very little modulus degradation was
discernable from elastic results even when exposed to mean stresses above 200 MPa. The
failure envelope and initial yield surface were determined from peak stresses and
observed onset of plastic yielding from all test results. Soil elasto-plastic behavior is
described using the Brannon et al. (2009) Kayenta constitutive model. As a validation
exercise, the ACS-parameterized Kayenta model is used to predict response of the soil
material under uniaxial strain loading. The resulting parameterized and validated Kayenta
model is of high quality and suitable for modeling sandy soil deformation under a range
of conditions, including that for impact prediction.
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1. Introduction

This report summarizes an experimental testing and modeling effort performed in response to a
need by B61-12 team members to characterize mechanical properties of a sandy soil. This is in
support of future testing and subsequent fielding of B61-12 impact verification. To carry out this
program, a test matrix is developed covering the range of 0 to 100 MPa confining pressure and
expected differential stresses ranging from near zero to over 275 MPa (the latter estimated from
literature sources). A key undetermined factor in development of the test matrix was prediction
of potential compaction magnitudes with instrumentation operating over a wide range of stress
and strain yet with the precision required to determine elastic properties and plastic response. A
portion of this testing matrix was carried out in a series of UCS, ACS, hydrostatic, and uniaxial
strain experiments at Sandia’s Geomechanics Laboratory. Results of the elastic and plastic
responses were used to develop a parameterized and validated model Kayenta (Brannon et al.,
2009) that can be used for subsequent finite element predictions of material response over the
quoted conditions.

2. Methods
2.1 Experimental Testing Design

A large quantity of prepared sandy “soil” was obtained from a locality near San Ysidro, New
Mexico. This soil is composed of a mixture of two soils that was found to be an excellent base
for making adobe blocks for building materials. This material was sieved to remove coarse
particles > 2.8 mm (using a number 7 sieve). Particle size analysis was performed by a combined
wet sieve and hydrometer ASTM method by Daniel B. Stephens and Associates, Inc. of
Albuquerque, NM (see Appendix C for the detailed report) and was found to be composed of
56.9 % sand (greater than 0.075 mm and less than 4.75 mm), 30.2 % silt (greater than 0.002 mm
and less than 0.075 mm), and 13.0 % clay (less than 0.002 mm). As such this material is
classifiable as a silty sand (ASTM) or sandy loam (USDA). Compositionally the material is a
mixture of decomposed granite and basaltic material; no mineralogical assay was performed.

This material was configured into a right cylinder nominally 2.0 inches in diameter and 4 inches
in length by means of a TFE Teflon roll cover jacket that had been heat-shrunk over a cylindrical
mold. Samples were initially tested in two configurations, “gravity pour”, in which the material
was simply poured into the Teflon jacket, and “tamped”, in which the material after pouring was
gently tapped in 3 to 5 lifts to a pre-determined density. The complete designed experimental
matrix and all raw data of completed tests are given in Appendix A. Table A-1 is partially
populated and represents tests completed to date (ten hydrostatic, nine ASC and one uniaxial
strain).

Samples were instrumented with a lateral deformation gage for radial displacement and two +/-
2.5 cm range Linear Variable Differential Transformers (LVDT’s) for axial displacement
measurements. The lateral and axial deformation gages were selected to provide enough
resolution for accurate elastic modulus calculations while having enough range to track the large
amount of expected sample compaction during hydrostatic and triaxial compression as well as
radial expansion accompanying dilatation as localized failure was approached. Figure 1 shows an
example of an instrumented specimen. Figure 2 shows an example of the computer-controlled



servo-hydraulic testing system used to conduct the compression tests at ambient temperature.
The system consists of an MTS reaction load frame, coupled with an SBEL (Structural Behavior
Engineering Laboratory) pressure vessel rated to 15,000 psi (100 MPa). The pressure vessel
housing the test specimen was connected to a pressure intensifier capable of inducing pressures
up to 30,000 psi (200 MPa). Isopar® is used as the confining medium. The reaction frame has a
movable crosshead to accommodate pressure vessels of different sizes and configurations. The
frame used is capable of applying loads up to 220,000 pounds (1 MN) through a hydraulic
actuator in the base of the frame. Vessel pressures were measured with a pressure transducer
plumbed directly into the hardline that connects the pressure vessel to the pressure intensifier.
The transducer is located about 5 ft (0.15 m) from the pressure vessel. Axial forces were
measured with a load cell attached to the reaction frame outside of the pressure vessel (shown in
Figure 2).

Results for all tests include axial stress, confining pressure, and axial and lateral displacement.
Stresses and strains are reported as “true” values which account for sample geometry changes.
True strain is defined as the natural logarithm of the current length divided by the initial length;
in the case of lateral and volume strain, the natural logarithm of current diameter and volume are
divided by the corresponding initial values. True strain is well suited when measuring large
strains (typically over 2%) but are essentially equal to engineering strains at lower values.

1 3
Figure 1. Instrumented sample mounted on the 100 MPa pressure vessel base.
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Figure 2. 220,000 Ib (1 MN) load frame with 15, OOO psi (100 MPa) pressure vessel. Data acquisition system is
show to the left of the load frame.

2.2 Constitutive Modeling

To model the observed elastic-plastic constitutive behavior of the tested soil, we apply the
Kayenta generalized plasticity model described by Brannon et al. (2009). Kayenta is based on
work by Schwer and Murray (1994) in that it links a shear yield surface to a Pelessone (1989)
function to generate a single smoothly differentiable yield surface including a “cap” at higher
mean stresses, applicable to pore collapse. Unique hardening functions are used to quantify the
competition between dilatation from micro-cracking and compaction from pore collapse.
Kayenta employs a general failure surface that can be tailored to capture Coulomb or other
observed failure types. As a constitutive model, Kayenta has been extensively verified
(documented on pages 102 to 112, Brannon et al., 2009) and validated (described on pages 121
to 124, Brannon et al., 2009). Details on the mathematical and computational formulations are
given in Brannon et al. (2009); earlier versions of the model are described by Fossum and
Fredrich (2000) and Foster et al. (2005). These authors detail improvements of the approaches
utilized in Kayenta over other cap plasticity and critical state soil mechanics models. These
include, but are not limited to, the following features:

* Three-invariant, mixed hardening, non-associative plasticity.
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* Nonlinear (stress dependent) elasticity.
* Nonlinear peak shear failure threshold for fully damaged material.
* Kinematic hardening.

* Nonlinear compaction function (pressure-volume) with isotropic hardening.

Kayenta was used previously to model elasto-plastic constitutive response of weak porous
sandstone in Dewers et al. (2014). Here our purpose is application and parameterization of
Kayenta, and comparison to experimental results on sandy-soil deformation via a single-element
material driver, which are described in a later section.

3. Results

3.1 Experimental Results and Discussion
Load paths for all tests used in Kayenta parameterization are shown in Figure 3. Not shown are the

single hydrostatic test (#11-1) or the uniaxial test (#2), which will be discussed later. Initial
porosity, load paths, and peak stress invariants for these tests are given in Table .

27-1

100 200 300 400 500 600

| I, (MPa)

Figure 3. Load paths for USC and ASC tests. Tests 3 and 5 are duplicates for 4 and 6 respectively and are not
shown for clarity.

Peak stresses are reported in Table in terms of the first (1) and second (3,

invariants. For our experimental configuration, these are simply defined as

) stress tensor
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l,=30c=0,+20, (1A)
(3,)*=r=(cr—0)/V3  (1B)

where o is mean stress, 1 is the signed equivalent shear stress or Von Mises shear stress, and the
subscripts ‘A’ and ‘L’ refer to axial and lateral respectively. Our sign convention used here is
that compressive stresses and strains are positive as is common for experimental data reporting in
the geomechanics literature. Note that Kayenta uses the opposite sign convention but we report
results to be consistent with this choice. Similarly volume () and shear strains (y) are defined as

E=¢g,+2¢ (2A)
y=2(e,—2, )3 (2B)

Table 1. Tests examined for constitutive behavior and Kayenta modeling.
Test #/Type Initial Confining P (MPa) Peak (J2)"* (MPa) | Peak I, (MPa)

Porosity

1/UCS 0.438 0.0 1.23 0.71
2/Uniaxial strain | 0.425
3/ASC 0.429 5.0 24.4 5.40
4/ASC 0.381 5.0 29.5 8.34
5/ASC 0.458 10.0 55.8 14.9
6/ASC 0.429 10.0 57.3 15.7
11-1/hydrostatic | 0.435
11-2/ASC 0.350 50.0 276 73.0
27-1/ASC 0.350 100.0 556 148

Axial stress plotted versus axial and lateral strain data are given up to peak stress for all relevant
tests in Figure 4. Note multiple unload/reload loops performed during both hydrostatic and
shear stress paths. Unload/reload loops are used to determine bulk and shear moduli (assuming
that the soil material is elastically isotropic) as a function of material parameters and represent
the elastic component of the elastic/plastic pressure curve.
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Figure 4. Axial (right) and lateral (left) strains for UCS and ASC tests. Tests 3 and 5 are duplicates for 4 and 6
respectively and are not shown for clarity. The UCS test results are barely discernable in the figure.

During unloading loops, stress and strain exhibit hysteresis as a result of the use of an external
load cell. Friction between piston and piston seal (where the piston enters the pressure vessel)
delays transmission of load from the loading system to the sample, both on unloading and
reloading. To surmount this, only portions of unloading loops, wherein friction has been
overcome, were used to infer elastic properties during plastic yielding. This is discussed further
below. Pre-peak stresses and strains were used in determining elastic moduli evolution, as after
peak (corresponding to shear or compaction localization) the soil specimens can no longer be
considered as nominally homogeneous.

Figure 5 shows example hydrostatic loading from tests #6, 11-2, 11-1, and 27-1. Test 11-1 was
ended prior to failure and so the final unload loop, showing unloading from ~50 MPa to 0 MPa is
reflective of the elastic behavior of the homogeneous material. The slopes of the unload loops in
Figure 5 are equivalent to the tangent bulk moduli, which is seen to behave nonlinearly with
mean stress. It is evident from the departure of the unload loops from the loading curves that
plastic deformation commences almost immediately with application of load. The differences in
the hydrostats among these tests shown in Figure 5 are due to the differences in starting volume
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strain (or initial porosity). Test 11-2 is a continuation of 11-1; Test 27-1 is a “tamped” sample.
Both of these initiate with a lower bulk density or lower initial porosity (~0.35) compared to the
gravity pour samples #11-1 and #6 which experienced no prior loading. All gravity pour samples
have hydrostatic loading curves similar to these latter tests but are not shown for clarity.

=

00 ~

~ 00 [e]
o o o
1

(2}
o

w B
o o

Mean Stress (MPa)

0.00 0.05 0;0 0;5 O;O OéS 0;0 0;5
Volume Strain

Figure 5. Hydrostatic loading paths for selected tests, showing variability in plastic loading among experiments.
Test 11-1 shows complete final unloading and as this test was run to a pre-failure peak stress, these results are used
to suggest a form of the mean stress dependence of the secant and tangent bulk modulus.

3.2 Nonlinear elasticity

Initial loading up to yield, and unloading curves for all load paths display a nonlinear elastic
behavior. With an assumption of isotropy, these can be quantified by a stress-dependent bulk and
shear modulus (K and G respectively).

In this treatment, we follow Dewers et al. (2014) and assume an elastic strain that follows from
05 = Cijkl £q (3)
which, with assumptions of isotropy and using the definitions in equations (1) and (2), becomes

g e_*
K.” "G (4A)

et =

Here and in following equations, a superscript ‘e’ is used to refer to elastic strains in order to
differentiate from plastic strains, using the superscript ‘p’. For nonlinear elasticity, the moduli in
(4A) are termed “secant” moduli, distinguished from local slopes of stress-strain curves, which
are termed “tangent” moduli. These would be found from incremental theory as (the subscript
‘tan’ refers to tangent moduli; moduli with no subscripts refer to secant moduli)
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do=K,de* and dr=G,_dy° (4B)
From an assessment of experimental behavior, following Dewers et al. (2014), we have made the
following parameterization in which K and G depend on mean stress. Mathematical forms we
have found to fit complete unloading curves to an excellent degree, for K and G, here noted as
secant moduli, are given as:

K = KoL+ Ko — K,e ™) (5A)
G=G,(l+G,0~G,e ™) (5B)

The form of these equations is suggested from work on p- and s-wave velocities in weak porous
sandstones and we apply them here to unconsolidated sandy soil. Kaselow and Shapiro (2004)
give a theoretical basis for this stress dependence in which the exponential portion in (5A)
derives from compliant microcracks and crack-shaped pores, and the linear portion derives from
more rounded pores. The linear term in o in (5A) is a common form in critical state soil
mechanics as well. The form of mean stress dependence of the shear modulus in (5B) is different
from that applied by previous authors (e.g. Hueckel et al. (1992) and Jeske and Lefik (2005)
favor a square root dependence on mean stress; however the exponential term in 5B yields nearly
identical behavior at low mean stresses). Eqns (5) are shown below to be applicable over the
entire mean stress range applied in these tests. To determine the (5A) K and (5B) G; constants,
we have found it to be a more convenient and accurate determination to fit the full stress-strain
behavior during elastic unloading portions using the secant moduli (i.e. in 4). In our constitutive
modeling with Kayenta, we use tangent moduli which are convenient for incremental elastic-
plastic theoretical treatments. For the bulk modulus, the tangent bulk modulus K, can be found
from the secant modulus K in (5A) via the slope of the stress strain curve as

A

K, = {i—%(KOKl + KK, K e )} (6A)
K K

Similarly, we use

1 o G -
G, :{E—E(GOGl +G,G,G,e ™ )}

(6B)

For unloading curves, when combined with (4A), Equations (5A and B) give an excellent fit to
experimental data. For example, in Fig. 6, taken from the hydrostatic test 11-1, the final
unloading data (dotted line) are well described by a bulk modulus parameterized by {Ko, K1, K>,
Ks} = {1148.0 MPa, 0.0098 MPa™, 0.93 MPa, 0.012} as shown by the dashed line.
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Figure 6. Fit of final unloading curve of test 11-1 to proposed nonlinear bulk modulus relation given in Eqn 5A. The
best fit relation is shown by the dashed line with {K;, K,, K, K.} = {1148.0 MPa, 0.0098 MPa, 0.93 MPa™,
0.012}; data is shown as points.

Curve fitting for moduli make use of the following expressions, valid for the elastic portions of
the respective stress-strain curves (Dewers et al., 2014):

ey tEP =P e + Omex____ Fin
K Gmax) K(Gmin) (7A)
Voo T = A Yo Tmin (7B)

G(Tmax) - G(Tmin)

We have applied this procedure to all stress-strain data. In the case of uniaxial and non-
hydrostatic portions of the triaxial tests, we fit the axial stress-strain data to determine Young’s
Modulus, E, and then find the shear modulus from the following expression, using expressions in
(5) and the bulk modulus determined from the hydrostatic loading portions:

9KG

E= 8
3K+G ®)
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Figure 7. A. Example of a unload-reload loop from test #6, under hydrostatic unloading (this is the second loop in
the series). The square symbols delineate the portion of the loop used to determine secant bulk moduli. B. Dashed
line shows curve fit of data in A. (shown as dots) to eqn 7A, which gives {Ki, K;, Kj3, K4} = {1200 MPa, 0.005,
0.9766, .0120}.
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Figure 9. Secant (dashed line) and tangent (solid line) bulk modulus determined from global fit to Egn 6A, which
yields {Ki, K, K3, K;} = {1148 MPa, 0.0098, 0.93, 0.012}, which are slightly different from those shown in Figure
5 and Figure 6.
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demonstrated in Figure 8) and tangent bulk modulus (shown as black line; same as in Figure 9). Data points are
tangent shear modulus values determined from unload loops in the individual experiments. The parameters for the
tangent shear modulus shown by the grey line are {G;, G,, Gs, G4} = {300 MPa, .020, 0.90, 0.012}.
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Figure 11. Tangent Poisson’s ratio determined from tangent bulk and shear moduli given as solid lines in Figure

10.
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For simplicity, in cases where there is a clear plastic strain dependence of elastic moduli as
revealed via the unloading cycles or final unloading, we assume that the moduli depend only on
the conjugate plastic strains, so that, for our purposes here,

K =K(o,é&,) (9A)
G =G(o,7,) (9B)

In examining moduli values for unload loops through all experiments however, we have found
that very little modulus degradation is evident. We subsequently ignore modulus degradation,
which greatly simplifies the Kayenta modeling shown later.

3.3 Strain Separation

To partition total strains into elastic and plastic strains, we start with common assumptions in
elastic-plastic constitutive models, namely the additive nature of elastic and plastic parts

g =& +&f (10)

Plastic strain can then can be found from (10) by subtracting the calculated elastic strain, found
from the modulus-mean stress relations and egns (4A), from the total strain. This is shown for
the hydrostatic test #11-1 in Figure 16.

60 =

50 -

—Total Strain
40 -

----- elastic strain

20 -

10 -+

Mean Stress (MPa)

0 0.05 0.1 0.15 0.2 0.25 03 0.35

Volume Strain

Figure 12. Hydrostat data from test 11-1 (solid line) separated into elastic (dotted line) and plastic (dashed line)
portions, using the secant bulk modulus relation shown in Figure 6.

3.4 Initial Yield and Failure Envelopes
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In this section we apply the observed peak stresses listed in Table and observed initial yield
stresses to models for failure and yield envelopes as per the Kayenta theory (Brannon et al.,
2009]. In accord with plasticity theory Kayenta defines a yield function f in stress space such that
elastic states satisfy f < 0. Kayenta uses a single, continuously differentiable function to define a
single yield surface that accounts for the yielding effects of microcracking and dilatation as well
as the effects of pore collapse.

For the failure envelope, Kayenta uses the function
F (Il) =a; — a:«;(:'raw1 +a,l; (11)

which is general enough to be used for modeling a variety of observed shear-limit surfaces
observed in real materials, including Mohr-Coulomb behavior. Figure 13 shows the failure or
limit surface (11) to be linear. We find with a full nonlinear regression with equation (11) that
the experimental peak stresses follow a limit or failure surface with {ai, a,, a3, a;} = {0.95,
0.011, 0.585. 0.262}, but a simpler linear function with {as, a,, a3, a;} = {0, 0, 0, 0.266} fits the
function with an R? coefficient of 0.999. This would imply that the soil material is essentially
cohesionless, which is evident from inspection of the starting material.

( J )1/2 ’
(M2Pa) ./

ul

I, (MPa)

Figure 13. Failure surface determined from peak stresses from UCS and all ASC tests (Table ) using the Kayenta
expression from Brannon et al. (2009) given in Eqn 11. Best fit parameters are {ay, a,, as, a4} = {0.95, 0.011, 0.585.
0.262} although {0, 0, 0, 0.266} also describes the data nearly perfectly.

For the yield envelopes, Kayenta employs the following form
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A fy)
\/J_z—T (12)

where
ff(ll):Ff(Il)_N (13)

and N is an offset parameter that can be used to model kinematic hardening effects. The details
of how Kayenta models kinematic hardening are given in Brannon et al. (2009). The cap
function f. is modeled after the Pelessone (1989) function

(I, _K)(‘Il _K|+(|1 —K))
Z(X —K‘)Z

f2(l,x)=1- (14)

wherex is an internal state function used by Kayenta to track the isotropic hardening, or
expansion of the yield envelope, with progressive plastic straining. X is the I; value at the
intercept of the yield envelope with the hydrostat, and so marks the initiation of plastic yielding
(pore collapse) with hydrostatic loading. The rate of change of xis proportional to the rate of
plastic volume straining, but we leave the details of this mapping to the discussion provided in
Brannon et al. (2009). r'(@)in (12) is a term that depends on lode-angle 0, a function of the

second and third principal invariants of the deviatoric stress tensor. As we only discuss
axisymmetric testing results here, we lack the data sets to discuss lode-angle dependence, and so
this function is set to unity. Kayenta has the capability of accounting for J; (i.e. the third stress
invariant) dependencies on yield and failure and thus modeling geomaterial behavior under
general subsurface stress states, but this is beyond the scope of our treatment.

In plasticity theory, the increment of plastic strain is equal to a multiplier, termed the consistency
parameter, multiplied by the gradient of a flow potential with respect to stress (e.g. Brannon et
al., 2009, their equation 4.54). For associative plasticity, the flow potential equals the yield
surface or envelope and this has been found suitable for describing plastic flow in metals, where
the direction of plastic yielding is normal to the yield envelope. For porous geomaterials on the
other hand, associative plasticity tends to overpredict the plastic volume strain (Brannon et al.,
2009), in that the direction of plastic yielding is not normal to the yield envelope. This has led
workers to propose a different flow potential function not associated with the yield envelope, and
this is termed non-associative plasticity. Kayenta allows for non-associative plasticity by
defining the flow potential function similarly to the yield envelope but replacing the a; and a4
parameters in equation (11) with the non-associative counterparts a, , and as ,, as well as the xin
equation (14) with its non-associative counterpart x,. This results in a flow potential with a
different shape than the yield envelopes in Figure 10, and thus the strain path upon yielding can be
non-normal to the yield function (and thus the amount of dilatational volume strain can be much
less than would be predicted by associative plasticity assumptions, for example). For the soil
samples examined herein, non-associative plasticity is necessary to describe strain evolution for
the triaxial tests, where yielding is near the apex of the yield envelope or on the “cap” but is not
critical for modeling strain paths associated with UCS tests. This is explored further below.
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Figure 14. Initial yield surface (solid line), constrained by estimates of initial yielding from UCS and ACS tests, as
given by eqns (12), 13), and (14). The intercept at the hydrostat at inception of yielding (X in eqn 14) is 0.8 MPa.
The x parameter in egn 14 is found to 0.35 MPa. Yielding commences almost with initiation of load application in
all tests. Failure surface is given by the dashed line, and constrains the level of kinematic hardening, with the ‘N’
parameter in eqn 13. equal to ~0.34 MPa.

6 18 20

3.5 “Crush-Curve” Parameterization

The evolution of plastic volume strain post-yielding used by Kayenta is modeled by a “crush-
curve” function similar to that used by Gurson (1977), which tracks the plastic volume strain
after the mean stress has exceeded a threshold value Pg (marking the onset of plastic yielding
along the hydrostat):

& = P[l—e RP¥) (15A)

Vv

or, with rearranging;

L= 5y = (R + P22 (15B)

3

where & =3(c—P:). As P is a fraction of an MPa for the tested soil, for our purposes, &~3c or
approximately equal to I;. The P, and P, values can be obtained by fitting the plastic volume
strain determined in the previous section. P is the logarithmic residual volume strain after full
void collapse, and so is a function of initial porosity at the inception of loading. We find that
curve fitting results are highly sensitive to the choice of P3, which is related to the initial porosity
(Brannon et al., 2009; p. 15) via
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(16)

Figure 15 shows that, when proper accounting of initial porosity is made, plastic volume strain
evolution from all experiments (with different hydrostatic loading paths, shown in Figure 5) can
be well described by a single Gurson function. One limitation of the current Kayenta
implementation, however, is the second-order polynomial function of mean stress in the
exponential term in (15); the curve fit in Figure 15A (with fourth-order polynomial fit to 27-1
data) suggests that a more complex function is really required to describe the observed behavior.
This would be a fruitful area of future Kayenta development and would improve the plastic
volume strain modeling provided in the next section. A second order fit to the same data shown
in Figure 15B doesn’t describe the data as well; the second order fit in 15B has a maximum
which could prove troublesome and not physical if this curve was used at higher mean stresses.
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Figure 15. A. Equation 15B plotted using data from the calculated plastic strain curve for experiment 11-1(in Figure
12), as well as for that from experiments 11-2, 27-1, and 6-1. When using values of P; calculated from measured
initial porosities using eqn 16, all plastic volume strain evolution tracks approximately along the same path. Values
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of P5 are: 0.56, 0.57, 0.37. and 0.43 for tests 6-1, 11-1, 11-2, and 27-1 respectively. The trendline (solid black) and
resulting fourth-order polynomial fit (with R? essentially of unity) are fit using data from 27-1. B. Second order fit to
experiment 27-1; the resulting ‘P’ parameters are {P1, P2} = {6.58e-3; -1.19¢e-5} in MPa units.

3.6 Results of Kayenta Constitutive Modeling
In this section, experimental results are used in Kayenta elasto-plastic constitutive
material model driver (MatModLab, authored by Tim Fuller, Sandia Git Repository) was
run Kayenta on a single element. The stress paths used for the separate experiments
cluster at low mean stresses, with two experiments provided to describe behavior at high
stresses compared to seven experiments at lower mean stresses. Therefore, it was
two sets of parameters; one for the low stress region, termed local parameters; and one
entire stress region, using all of the data, termed global parameters. Elastic parameters
(5) used for the Kayenta model runs are summarized in

Table 2, P parameters are given in Table 3 and non-associative potential function parameters are
given in Table. All parameters are reported in units of Pa, which Kayenta uses, rather than the
MPa used previously.

Table 2. Parameters for elastic moduli of all tests.

Ko (Pa) K1y (1/Pa) K, (l) Ks (l/Pa) Go (Pa) G (1/Pa) G, (1) Gs (1/Pa)
Global | 1148.00E+6 | 9.80E-9 | 0.93 0.012 | 300E+6 | 2.00E-8 0.9 | 0.012E-6
Local | 1148.00E+6 | 9.80E-9 | 0.93 0.012 | 300E+6 | 2.00E-8 0.9 | 0.012E-6

Table 3. ‘P’ parameters for (local) and (global) fits.

Po (Pa) | Pi(1/Pa) | P, (1/Pa%) | P3 (1)
Local |-0.78557 | 8.9E-9 | -3.0E-17 | 0.571
Global | -0.78557 | 5.36E-9 | -6.7E-18 | 0.371
Table 4. Non-Associative potential function parameters for (local) and (global) fits.
HC (Pa) | CFPF (1) | A2PF (1/Pa) | A4PF (1)
Local | 8.0E+2 |1.629 0.011E-8 0.2423
Global | -0.78557 | 5.36E-9 | -6.7E-18 0.371

Parameters describing the failure surface and yield function are given in Figure 13 and 14
respectively. A complete set of parameters for use in direct input into Kayenta is given Appendix

B.

3.6.1 Hydrostat Behavior
Combining the bulk modulus parameterization with the crush curve formalism discussed in the
previous section provides a model for total volume strain with increase in mean stress, i.e. along
the “hydrostat” with shear stresses equal to zero. Figure 16 summarizes hydrostat behavior
across a range of mean stress observed experimentally along with Kayenta simulated behavior.
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Figure 16. Hydrostatic test results shown in solid line together with Kayenta modeling results shown by the dashed
curve. A. Experiment 6-1 B. Experiment 11-1, which shows a complete unloading. C. Experiment 11-2. D.

Experiment 27-1.

11-1is purely hydrostatic test that was completely unloaded to zero stress. The excellent match
between experiment and modeling for the final unloading (and thus only elastic) portion in
Figure 16B shows that the elastic model in Kayenta is an excellent description of experimental
behavior, and that the discrepancy between total strain experimental and modeled curves during
the loading portions is from the mismatch in the crush curve model. In general, the second-order
polynomial fit used for the Kayenta model underestimates plastic volume strain compared to

experiment.
3.6.2 Unconfined Compressive Stress Test ‘UCS 1’

The testing results of the UCS test were used in determination of initial yielding, however the
material, as essentially cohesionless sand, would not be expected to have an unconfined
compressive strength. The behavior of the jacketed sand with no confining pressure, shown in
Figure 17, is arguably that of a low-cohesion solid, but the stress-strain paths above ~ 1 MPa are

arguably dominated by the jacket material itself undergoing yielding. As such, we have used the
results of this test in an earlier section to constrain the mean stress dependence of Young’s

modulus at low mean stress, and to constrain the initial yielding (below 0.2 MPa axial stress, as
indicated by the departure of the first unload loop from the loading curve), but we don’t attempt

Kayenta modeling.
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Figure 17 UCS test results modeling by Kayenta: The volume strain, shown in green, begins a “turn around”
resulting from a shift from compression to dilation (indicated by the red arrow), but doesn’t go to completion and
failure. The sample behavior up to this point, including the initial yielding (below 0.2 MPa axial stress) and
unloading behavior, is indicative of sample constitutive response, but we argue that behavior above the black line at
~0.96 MPa is probably dominated by tensile yielding of the jacketing material.

3.6.3 Axisymmetric Compression Triaxial Tests

Kayenta results for multiple triaxial tests with constant lateral stresses ranging from 5 to 100
MPa are shown in Figures 18 and 19. Results are shown using local parameters for tests 4 and 6
(Aand B in Figures 18 and 19) and global parameters are shown for tests 11-2 and 27 (C and D
respectively in Figures 18 and 19). In general the results are satisfactory; Kayenta reproduces
the loading paths, yielding, and failure observed in the experiments. In the case of test 27, there
is a good match between Kayenta results and observed behavior in the pressure-volumetric strain
relationships (Figure 19D); the axial stress-strain results in Figure 18D do not exhibit a good
match. Sample preparation for test 27 involved tamping which produced an initial anisotropy
evident in the experimental behavior (this is especially clear in the hydrostatic loading portions;
unlike the other experiments there is a large difference in the lateral and axial strains during this
portion, seen in the less-than 125 MPa portion in Figure 18D). The assumptions of isotropy in
Kayenta preclude a good material description in this case, although it is interesting that the
volume strain path exhibits a good match to test results (Figure 19D), and test 27 plastic volume
strain behavior follows a similar path to the other tests (Figure 15A). The volume strain “turn-
around”, following a change from compaction-dominant to dilational dominant just prior to
failure, is well captured for all four tests as observed in Figure 19.
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test 27 (D).

3.6.4 Model Prediction Along Uniaxial Strain Loading Path

Figure shows the results of uniaxial test modeling by Kayenta. Since this test was in the lower
stress region, local P parameters defined in Table were used in this test. Unfortunately, Kayenta
over-predicts the volumetric strain of the material below 10 MPa and under-predicts it above 10

MPa.
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4. Conclusions and Recommendations

We can make the following conclusions and recommendations about using the parameterized
Kayenta data set, and soil constitutive modeling in general:

Kayenta generates good descriptions of soil behavior over a broad range in mean and
differential stresses. Required physics to model soil elasto-plastic constitutive behavior
include: nonlinear elasticity with I; or mean stress-dependent elastic moduli; non-
associative plasticity; kinematic and isotropic hardening; an l;-dependent failure surface.
Surprisingly, no discernable modulus degradation was observed over the entire mean
stress range of the testing.

Comparison of “tamped” soil sample and “gravity pour” sample behavior shows that
plastic volume strain evolution interestingly seems to be independent of sample
preparation techniques but is very sensitive to the estimates of initial pore volume or
porosity. Careful measurement of the initial sample pore volume is necessary to ensure
the best possible Kayenta model.

Tamped sample preparation results in an anisotropic fabric that is not well captured by
the isotropic assumptions of the current Kayenta model. Nevertheless, plastic volume
strain behavior and failure under axisymmetric compression appear to be independent of

initial preparation type.
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e The second order polynomial function used in the Gurson “crush-curve” analysis of the
soil samples could be improved, and caution is advised in using Kayenta outside of the
mean stress range of the testing used for parameterization. This is probably the biggest
source of discrepancy between Kayenta and experimental results, including the validation
shown in Figure 20. We show that a fourth-order polynomial describes experimental
results to an excellent degree, but some sort of exponential function would also likely
provide a better description than the function currently in use.
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Appendix A. Test Matrix and Raw Experimental Data

Table A-1: Proposed test matrix showing sample number, target density, confining pressure,
order of test execution, preparation method, and initial and final sample weight and dimensions.

Sample Target |Confining | Order of ) Initial Final
Number Density | Pressure Test Preparation | Mass |Length| Volume | Density| Mass | Length| Diam |Volume | Density Comments
(g/cc) (psi) | Execution grams| cm cc (g/cc) |grams| cm cm cc (g/cc)
01-1 1.1 0 3 Gravity pour| 285.4 | 10.4 211 1.35 Test in vessel w/o fluid; vent to atm
02-1 1.1 0 3 Gravity pour( 290.9 | 10.4 211 1.38 Uniaxial Strain test
03-1 1.1 725 3 Gravity pour| 289.3 | 10.4 211 1.37
04-1 11 725 3 Gravity pour| 293.1 | 10.4 211 1.39 Sample compacted axially = 0.35" during vessel assembly.
05-1 11 1450 3 Gravity pour| 267.0 | 10.2 206 130 Sample compacted axially = 0.1" during vessel assembly.
06-1 11 1450 3 Gravity pour| 288.9 [ 10.4 211 1.37
07 1.1 2900 3 Gravity pour
08 1.1 2900 3 Gravity pour
09 1.1 4350 3 Gravity pour
10 1.1 4350 3 Gravity pour
11-1 11 7250 1 Gravity pour| 296.0 [ 10.9 221 134 Jacket leaked at 7100 psi; Retest sample
11-2 11 7250 1 Gravity pour| 329.8 [ 10.4 211 1.56 Successful test; Barrel shaped
12 1.1 7250 2 Gravity pour
13-1 11 14500 1 Gravity pour| 290.0 | 10.4 211 137 |2836| 7.7 | 515 | 160.4 | 1.77 |Reached frame cap.(>210kip), unusual lat disp
14 1.1 14500 2 Gravity pour
15 1.4 0 3 Tamp in lifts
16 1.4 0 3 Tamp in lifts
17 1.4 725 3 Tamp in lifts
18 14 725 3 Tamp in lifts
19 14 1450 3 Tamp in lifts
20 14 1450 3 Tamp in lifts
21 14 2900 3 Tamp in lifts
22 14 2900 3 Tampin lifts
23 14 4350 3 Tamp in lifts
24 1.4 4350 3 Tamp in lifts
25-1,2,3 1.4 7250 1 Tamp in lifts| 345.6 [ 10.7 216 1.60 INT LC max'd, retested same sample, leaked
25-4 1.4 7250 1 Tampin lifts| 367.6 [ 10.2 207 1.77 Failure in axial LVDT's . Unloaded test w/o completion
25-5 14 7250 1 Tamp in lifts| 338.4 | 10.3 208 1.62 |[335.0( 7.2 559 | 176.3 1.90 [Successful test
26 14 7250 2 Tamp in lifts
27-1 14 14500 1 Tampin lifts| 333.1 | 10.5 214 156 |329.6| 7.6 | 5.08 | 155.0 [ 2.13 [Successful test, reached frame cap.(>210kip)
28 14 14500 2 Tamp in lifts
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Figure Al: True differential stress versus true strain for sample 1 (unconfined).

34

0.5



800

700

600

Pressure (psi)
sy wul
o o
o o

w
o
o

200

100

2500

2000

1500

1000

True Differential Stress (psi)

500

[ Sample 3 —Axial
i —Lateral
C Volume
r 1 1 N I TR TN T N Y T TR TN TR Y TR N SO N | 1
0 0.05 0.2 0.25 0.3 0.35 0.4 0.45
True Strain
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Figure A3: True differential stress versus true strain for sample 3.
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Figure A4: Pressure versus true strain for sample 4.
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Figure A5: True differential stress versus true strain for sample 4.
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Figure A6: Pressure versus true strain for sample 5.
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Figure A7: True differential stress versus true strain for sample 5.
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Figure A10: Pressure versus true strain for sample 11-1.
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Figure A11: Pressure versus true strain for sample 11-2.
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Figure Al2: True differential stress versus true strain for sample 11-2 (x-axis scaling not

consistent with other plots in order to show post peak behavior captured during this test).
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Figure A13: Pressure versus true strain for sample 13.
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Figure Al14: Pressure versus true strain for sample 25-2.
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Figure A15: True differential stress versus true strain for sample 25-2,3.

41



8000

Sample 25-5 —Axial
—Lateral

7000 Volume

6000

Pressure (psi)
B wu
o o
o o
o o

w
o
o
o

2000

1000

O I L 1 1 1 L L 1 1 1 L L 1 1 1 L L 1 1 1
0 0.05 0.1 0.15 0.2 0.25

True Strain

Figure A16: Pressure versus true strain for sample 25-5.
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Figure AL17: True differential stress versus true strain for sample 25-5.
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Figure A19: True differential stress versus true strain for sample 27.
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Appendix B. Summary of Kayenta Parameters

Below are two sample input files in the xml format, used in MatModLab driver for Kayenta
material model. The first one has the local parameters used in Hydro11-1, TXC4 and TXC6 and
the second one has the global parameters used in Hydro11-2 and TXC27.

Local:

<?xml version="1.0" 7>
<MMLSpec>
<Physics>

<Material model="kayenta">
<B0> 1148.0E+06</B0>
<B1> 9.80E-09</B1>
<B2> 0.93</B2>
<B3> 0.012E-6</B3>
<G0> 300e6</G0>
<G1> 2.00E-8</G1>
<G2> 0.9</G2>
<G3> 0.012E-6</G3>
<A1> 0.95E+06</Al1>
<A2> 0.011105E-06</A2>
<A3> 0.585145E+06</A3>
<A4> 0.261969</A4>
<P0> -0.78557E+06</P0>
<P1> 8.9E-9</P1>
<P2> -3.0E-17</P2>
<P3>0.571</P3>
<CR> 1.3400</CR>
<RN> 0.340E+06</RN>
<J3TYPE> 3.00</J3TYPE>
<EOSID> 6.00</EQOSID>

</Material>

<Path type="prdef" ndumps="all">

Global:

<?xml version="1.0" ?>
<MMLSpec>

<Physics>
<Material model="kayenta">
<B0> 1148.00E+06</B0>
<B1> 9.80E-09</B1>
<B2> 0.93</B2>
<B3> 0.012E-6</B3>
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<G0> 300e6</G0>
<G1> 2.00E-8</G1>
<G2> 0.9</G2>
<G3> 0.012E-6</G3>
<Al1> 0.95E+06</Al1>
<A2> 0.011105E-06</A2>
<A3> 0.585145E+06</A3>
<A4> 0.261969</A4>
<P0> -0.78557E+06</P0>
<P1> 0.00536E-6</P1>
<P2>-0.0000067E-12</P2>
<P3>0.371064</P3>
<CR> 1.3400</CR>
<RN> 0.340E+06</RN>
<HC> 8.0E+02</HC>
<CRPF> 1.629</CRPF>
<A2PF> 0.011E-08</A2PF>
<A4PF> 0.2423</A4PF>
<J3TYPE> 3.00</J3TYPE>
<EOSID> 6.00</EQOSID>
</Material>
<Path type="prdef" ndumps="all">



Appendix C. Soil Analysis Report from Daniel B. Stephens & Associates, Inc.

Laboratory Report for
Sandia National Laboratories

San Ysidro Alluvium Sample

July 3, 2014

Q
9‘“-7,,\ ? Daniel B. Stephens & Associates, Ine.
4400 Alameda Bivd. NE. Suite C - Albuguergue, New Mexico 87113
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o Tuly 3, 2014

Thomas Dewers
Geomechanics

Sandia Wational Laboratories
PO Box 5800 MS0731
Albuguerque, NM 27185-0751
(505) 845-0631

Re: DBS&A Laboratory Report for the Sandia National Laboratonies, San Ysidro Alluvinm
Sample

Diear Mr. Dewers:

Enclosed is the report for the Sandia National Laboratories, San Ysidre Alluvium sample. Please
review this report and provide any comments as samples will be held for a maximum of 30 days.
After 30 days samples will be retumed or disposed of In an appropriate manner.

All testing results were evaluated subjectively for consistency and reasonableness, and the results
appear to be reasonably representative of the material tested. However, DES&A does not assume
any responsibility for mterpretations or analyses based on the data enclosed, nor can we guarantee
that these data are fully representative of the undisturbed materials at the field site. We recommend
that careful evaluation of these laboratory results be made for your particular application.

The testing utilized to generate the enclosed report employs metheds that are standard for the
industry. The results do not constitute a professional opimion by DBS&A . nor can the results affect
any profassional or expert opinions rendered with respect thereto by DBS&A . You have
acknowledged that all the testing undertaken by us, and the report provided, constitutes mere test
results using standardized methods, and cannot be used to disqualify DBS&A from rendening any
professional or expert opinion, having waived any claim of conflict of interest by DBS&A

We are pleased to provide this service to Sandia National Laboratories and look forward to future

laboratory testing on other projects. If vou have any questions about the enclosed data, please do
not hesitate to call.

Sincerely,

DANIEL B. STEPHENS & ASS0CIATES, INC.
SOIL TESTING & RESEARCH LABORATORY
x.j’i:ﬁrifsf:i { fgwn

Crystal Krous

Quality Analyst; for Joleen Hines

Enclosure
Daniel B. Stephens & Associates, Ine.
Soil Testing & Research Laboratory

4400 Alameda Blvd. HE, Suite © S05-BEY-TTE
Albuguerque, MW 37113 Fak 505-B8%.0158
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Daniel B. Stephens & Associares, Ime.

Summary of Tests Performed

Saturated
Initial Soil Hydraulic Moisture Particle Specific Air
Laboratory Properties' Conductivity” Characteristics™ Size" Grawity" | Perm- | Atterberg|  Proctor
Sample Mumber G |VM|VD| CH| FH | PW | HC | PP | FP |DPP| RH| EP |WHC|Kuwa] DS|WS| H| F C |eablity] Lmits | Compaction
Sian Ysidno Alluvium X)X X

G = Gravimetrc Molsture Comtent, VM = Volume Measurement Method, VD = Violume Displacemant Method
? ¢H = Constant Haa Rigid Wall, FH = Falling Head Rigid Wall, Fw = Falling Head Rising Tall Flaxkiole Wall
* HC = Hanging Coiumn, PR = Pressure Plate, FP = Filer Paper, DPF = Dew Point Potentiomater, RH = Retative Humidity Eox,

EP = Effective Porosity, WHC = Water Holding Capacity, Kunsat = Calculated Unsaturated Hydraulic Congustivity
4 DS = Dry Sleve, WS = Wet Sleve, H = Hydrometer
* F = Fine (<4.75mmj), C = Coarse (=4 75mm)

4
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Daniel B. Srephens & Associares, Inc.

MNotes

Sample Receipt:
One sample was hand delivered, in a 1/2 full 5-gallon bucket sealed with a lid, on June 25, 2014.

Sample Preparation and Testing Notes:
The sample was subjected to particle size analysis and Atterberg limits testing.

General Notes:
An assumed specific gravity value of 2.65 was used to perform the particle diameter calculations
in the hydrometer portion of the paricle size analysis.

£n
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Daniel B. Stephens & dssociates, Inc.

Summary of Particle Size Characteristics

dyg d., d, ASTM USDA
Sample Number (mem} (mm) [mem) C. C. Method Classification Classification
San Ysidro Alluvium D.o00s8 011 019 218 5.4 WSH Silty sand (SM) Sandy Loam IEst)
duy = Medlan paricle diameter c dy DS = Dryslkeve 1 Greater than 10% of sampie Is coarse material
.
EEl = Reported valies tor d,g, ©,, C,, 3nd sall H = Hydromster

classification are estimabas, since exirapolation

was required 10 obtain the d,, diameter WS = Wet gave
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Daniel B. Stephens & dssociates, Imc.

Percent Gravel, Sand, Silt and Clay*®

% Gravel % Sand % Silt % Clay
Sample Number (=4.75mm} (<4.75mm, =0.075mm) {<0.075mm, =0.002mm) (<0.002mm)
San Ysidro Alluvium 0.0 56.9 302 130

*USCS classification does not classify clay fraction based on particle size. USDA definition of clay (<0.002mm) used in this table.
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Daniel B. Stephens & Associates, Ime.

Summary of Atterberg Tests

Sample Number Liquid Limnit Plastic Limit Plasticity Index Classification

San Ysidro Alluvium — — — ML

—- = Soil requires visual-manual classification due to non-plasticity
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Daniel B. Stephens & dssociates, Inc.

Summary of Particle Size Characteristics

d,g de, dy ASTM UspDa
Sample Mumber (e immj (mm) C, C. Methad Classification Classification
San Ysidro Alluvium 0.00028 0.11 0.19 218 5.4 WSH Silty sand (SM) Sandy Loam (Est)
dyy, = Medlan parficle dameter c dy DS = Dry sleve 1 Greater than 10% of sample Is coarse material
a " Oy
S8t = Reported values for 4,, C,, C,, and sall H = Hydromater

classMcation are estimatas, since xtrapoiation

W35 required 1 obtain the d,, diamater F WS = Wet glave
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Daniel B. Stephens & dssociares, Imc.

Percent Gravel, Sand, Silt and Clay”

% Gravel % Sand % Silt % Clay
Sample Number [=4.75mm) (=4 75mm, =0 075mm) {=0.075mm,_=0.002mm) {=0.002mm}
San Ysidro Alluvium 0.0 56.9 30.2 13.0

*USCS classification does not classify clay fraction based on particle size. USDA definition of clay (<0.002mm) used in this table.
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Job Name:
Job Number:
Sample Number:

Sandia Mational Laboratories-Geomechanics

LB14.0128.00

Dansed . Ntephens & Adssocrafes, Inc.

Particle Size Analysis
Wet Sieve Data (#10 Split)

San Ysidro Alluvium

Initial Dry Weight of Sample {g): 207.30

iWeight Passing #10 (g): 284.85

Weight Refained #10 {g): 12.35

Ring Number: NA Weight of Hydromefer Sampie (g): 50.56
Depth: MA Calcuwlated Weight of Sieve Sample (g): 52.75
Test Date: 3-Jul-14 Shape: Angular
Hardneszs: Soft
Test Sieve Diameter Wi, Cum Wt Wi,
Fraction MNumber {mm) Retained Retained Passing % Passing
+10
I 75 0.00 0.00 207.30 100.00
e 50 0.00 0.00 207.30 100.00
1.8 3B.1 0.00 0.00 207.30 100.00
1" 25 0.00 0.00 207.30 100.00
3y 19.0 0.00 0.00 287.30 100.00
ane” 25 0.00 0.00 287.30 100.00
4 4.75 0.00 0.00 287.30 100.00
10 2.00 1235 12.35 28485 8585
-10 (Based on calculated sieve wit.)
20 0.85 6.01 B.20 44 55 24 45
40 0425 509 14.18 38.56 73.10
60 0.250 451 18.70 34.05 B4 55
140 0.106 7.83 26.63 28.12 40.52
200 0.075 336 2p.20 2276 43.15
dry pan .46 30.45 22.30
wet pan 22.30 0.00
dyg{mm): 0.00085 dgg(mm): 0.11
dyg(mm): 0.0028 dgy (mm): 0.19
dy{mm}): 0.030 dgy (mm}: 0.83
Median Particle Diamefer--deg (mm): 0.11 Mote: Reported values for dyg, Cy. C..
Uniformity Goefficient, Cu—[dgg/d,g (mm): 215 |and soil G'“”:t?ﬂﬁm are Eﬁt_'r";h;f-
) R ) since extrapolation was requi
Coefficient of Gurvature, Gc—[n:dnff[dm dgl] (mm): 5.4 obtain the d, diameter
Mean Farticle Diameter—-[{dyg+degtdza 73] (mm): 0.31
Ciazaification of fines (vizual method): ML

ASTM Sail Classification: Silty sand [SM)
UsSDA Soi Classification: Sandy Loam

Laborafory analysiz by: 5. Hanhardt

Data enfered by: C. Krous

Checked by: C. Krous
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Damiel B. Stephens & Axsociaies, Inc.

Particle Size Analysis

Hydrometer Data
Job Name: Sandia Mational Laboratories-Geomechanics Type of Wafer Used: DISTILLED
Job Number: LB14.0128.00 Reacfion with HyO2: MA
Sample Number: San Ysidro Alluvium Dizperzant®: (MaPO;)g
Ring Number: MNA Azzumed parficle density: 2.85
Depth: NA
P Initial WE (g): 50.58
Test Date: 1-Jul-14 Total Sample W (g): 287.30
Start Time: 8:00 Wt Pazsing #10 (g): 284.095
Time Temp R Ry Fleor L Do P
Daie {min} {°C}) {giL) gL} gL} {em) {mm) %) % Finer
1-Jul-14 1 231 230 4.8 18.1 125 0.046847 359 344
2 231 210 4.9 18.1 128 0.03328 e 308
5 231 188 4.9 14.8 13.1 0.02125 289 7T
15 231 175 4.9 12.8 13.4 0.01242 250 238
30 231 16.0 4.9 11.1 13.7 0.008&E 220 211
80 228 15.0 4.8 10.1 138 0.00633 18.9 191
120 227 14.0 4.9 a1 14.0 0.00451 7. 17.2
250 228 14.0 50 a0 14.0 0.00313 178 171
482 2248 120 4.9 71 14.3 0.0o227 14.0 134
2-Jul-14 1408 225 11.0 50 8.0 145 000130 1.2 11.4
Gomments:

* Dispersion device: mechanically cperated stiming device

Laborafory analysiz by: M. Candelaria
Data entered by: C. Krous
Checked by: C. Krous
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PARTICLE DIAMETER {mm)
UNIFIED | COBELES | SRAVEL | Sao | SILT QR LAY |
[ T [ = [ T==] =g T = 1
UsSDA ool SAND _
= | BELES | GRAVEL Iuﬁ J“.,\..l o e I s I e I 8IL CLAY|
do=0.00088 |  0:=0.030 |  dg=0.11 d=019 | Cu=216 | C.=54
SAMPLE NUMBER DEPTH ASTM CLASSIFICATION USDA CLASSIFICATION
San Ysidro Alluvium NA Silty sand (SM) Sandy Loam

Mote: Reported values for dy,, ©,, C,.. and ASTM classification are estimates, since extrapolation was required to cbtain the d,; diameter

Daniel B. Srephens & dssociares, Inc.
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Daniel B. Stephens & Associares, Inc.

Summary of Atterberg Tests

Sample Number Ligquid Limit Plastic Limit Plasticity Index Classification

San Ysidro Alluvium - — — ML

—- = Sail requires visual-manual classification due to non-plasticity
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Daniel B. Stephens & Associartes, Inc.

Atterberg Limits

Jab Name: Sandia Mational Laboratories-Geomechanics
Job Number: LB14.0122.00
Sample Numbrer: San Ysidro Alluviom
Ring Number: MA
Diepth: MA

Tesf Date: 3-Jul-14
Liquid Limit

Trial 1 Trial 2 Trial 3

Number of drops:
Fan number:
Weight of pan plus moisf zoil (g):
Weight of pan pluz dry =oi (g)
Weight of pan (g):
Gravimetnc moisfure content (% g/g): - - -—

Liguid Lirmit: -
Plastic Limit

Trial 1 Trial 2

FPan number:
Weight of pan plus moisf zoil {g):
Weight of pan pluz dry zoi (g)
Weight of pan {g):

Gravimefnc moisfure content (% g/g): - -

Plazfic Limit: -

Results

Percent of Sample Retained on #40 Sieve: See Sieve
Liquid Lirmit: —
Plaszfic Limit: -
Fiasticity lndex: -
Classification (Visual Method): ML

Comments:
— = 5ol requires wisual-manual classification due to non-plastcity
* = 1-point method requested by client

Laborafary analysiz by: D. O'Dowd
Dafa enfered by: C. Krous
Checked by: C. Hrous
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Daniel B. Strephens & dssociares, Inc.

Data for Description and Identification of Fines
(Visual-Manual Procedure)

Jab Name: Sandia Mational Laboratories-Geomechanics
Job Number: LB14.0128.00
Sample Number: San Ysidro Alluviom
Ring Number: NA
Depifi: NA

Test Date: 3-Jul-14

Visual-manual classification of material passing the #40 sieve in lieu of

Atterberg analysis due to non-plasticity:

Descriptive Information:
Color of Moist Sample: Dark Yellowish Brown (10 YR 3/G)
Odor. Mone
Moisture Condition: Moist
HCI Reaction: Strong

Preliminary ldentification:
Diry Strength: Mone
Dilatency: Rapid
Toughness: Low

Plasticity: Mon-plastic

Identification of Inorganic Fine Grained Soils:
Silt (ML}

Laborafory analysiz by: D. O'Dowd
Dafa entered by: C. Krous
Checked by: C. Krous
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Laboratory Tests
and Methods



Particle Size Analysis:

USCS (ASTM) Classification:
USDA Classification:
Atterberg Limits:

Visual-Manual Description:

Tests and Methods

ASTM D422
ASTM D422, ASTM D2487
ASTM D422, USDA Sail Textural Triangle

ASTM D4318

ASTM D2488
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